The peculiarities of the femtosecond filamentation in Kerr media has been studied using a set of time-resoling experimental techniques. These include the temporal self-compression of a laser pulse in the filamentation mode, repulsive and attractive interactions of filaments, and influence of the birefringence on the filamentation. The propagation of femtosecond laser pulses at the 1550-nm wavelength in c-Si is studied for the first time using methods of time-resolved transmission microscopy. The nonlinear widening of the pulse spectrum due to the Kerr-and plasma-caused self-phase modulation is recorded. K e y w o r d s: femtosecond laser pulses, Kerr effect, femtosecond filaments, crystal silicon, self-focusing, self-phase modulation.
Introduction
One of the main scientific priorities of the XXI-st century is the study of the interaction of femtosecond (fs) laser pulses (of ∼ × 10 −15 s temporal width) with the matter (see, e.g., [1] ). The relevance of such investigations is due to the special properties of fs laser pulses. For example, their ultrashort duration is comparable with the characteristic displacement time of atoms from their equilibrium positions in a molecule, or the transformation time of the crystal grating at the structural phase transition. The ultrahigh pulse power and related ultrahigh strength of the electromagnetic field (EMF) produce a gigantic nonlinear polarization of the irradiated medium. The temporal coherence of a spectrally wide (∼ × 10 nm) fs laser pulse is unusually high, if the laser works in the "comb generator" mode. A characteristic feature of a fs laser pulse propagating in the Kerr medium is the spatio-temporal coupling. It consists in the fact that, in such medium, the EMF of the fs laser pulse cannot be represented as a product of purely spatial and temporal factors. In actual materials, the propagation of such pulses is accompanied by a number of yet insufficiently investigated phenomena of the funda-mental nature. Now, these phenomena (formation of fs filaments, generation of a fs supercontinuum with quasiwhite spectrum, conical optical waves, terahertz emission, etc.) are the subject of active studies. The areas of practical use of the fs radiation are wide: microsurgery, LIDARs, pharmacy, precision micromachining of superhard materials, femtosecond laser inscription, etc.
The use of the fs laser sources for scientific and practical purposes requires, as a rule, appropriate methods. Among them, two basic methods are the fs source with quasiwhite spectrum and the precision delay line. The fs pulses with quasiwhite spectrum can be obtained, when the fs laser emission is focused inside some nonlinear optical medium such as water, KTP and BBO crystals, sapphire, etc. However, the time response of electronic detectors, which is limited by the electron mobility in semiconductors, is too slow for the time-resolved studies of ultrafast processes. For that cause, a two-beam pump-probe scheme with precision delay line is needed. The first "pump" pulse of the two-beam scheme excites the object under investigation. The second "probe" pulse, which is controllably delayed from the "pump" with the delay line, "reads out" the relaxation dynamics of the excitation. The principle of such measurements is described in book [2] in more details.
Experimental
We now briefly report the line of experimental techniques, which we created for the time-resolved studies in the femto-picosecond time domain, including the methods of time-resolved microscopy, and the results of our studies in the fundamental field of filament-induced phenomena and in applications such as the precision fs-laser fabrication of optical microelements (microlenses, micromirrors, microwaveguides) in different optical materials (sapphire, quartz, chalcogenide glassy semiconductors, and crystal silicon c-Si).
The following experimental techniques have been developed:
• Two-beam "pump-probe" technique to study the temporal behavior of the light absorption induced by fs laser pulses;
• "Kerr gate" technique for time-resolved investigations of secondary emission spectra with 300 fs temporal resolution;
• Time-resolved microscopic optical polarimetry for the femto-picosecond time domain, which allows recording the spatio-temporal transformation of a light pulse in transparent media;
• Technique of "Z-scan" for the characterization of non-linear refractive indices of transparent materials;
• Technique of temporal compression of fs laser pulses (from140 to 65 fs);
• Methodologies of precision micromachining and micromodification of optical materials for the fabrication of microoptical elements (microwaveguides, microlenses, micromirrors).
Early Studies
Earlier, we recorded several spectacular phenomena accompanying the formation of fs filaments in transparent Kerr media such as the temporal self-compression of a fs pulse in filaments [3] , phase-dependent repulsive and attractive interactions of two intersecting fs filaments [4] [5] [6] , longitudinal periodicity, which appears in the luminescence of an axial plasma column of filaments in anisotropic crystal media [7] .
In [3] , the autocorrelator trace of low-energy femtosecond laser pulses with = 0.5 J, which propagate in a fused silica sample was obtained. We showed that an increase of the pulse energy up to = 2 J causes the self-focusing and appearance of a temporally compressed component in the output pulses. The short components of the pulses were extracted using a small axial aperture 2 mm in diameter, which passes only the temporally compressed axial part of the ×200 magnified output pulse. The temporal width of the autocorrelation function of compressed pulses, = 90 fs, is obtained, which corresponds to the 63-fs duration of the pulse at FWHM. It was shown that the physical cause for the temporal compression is the power dependence of the selffocusing distance, which is described by a Marburger formula [7] . Thus, the laser pulse compressed two and a half times was obtained. It had been used as a probe in the pump-probe measurements having made a more than two-fold improvement of their temporal resolution to be possible.
The interaction between two filaments in air and transparent solids [8] [9] [10] have attracted a considerable interest of researchers, because the understanding of this process is important for the control over the multiple filamentation during a laser modification of optoelectronic materials. Changing the phase difference between two mutually coherent femtosecond laser pulses coinciding in time, we have demonstrated the control over the interaction between two intersecting filaments. We observed the "attraction" followed by the "fusion" of in-phase and the "repulsion" of antiphase filaments in [4] [5] [6] . Note that the anisotropy of the sapphire crystal has little effect on the filamentation in this case, because both beams had been directed at a small angle of 2.4 ∘ to the crystal -axis.
The picture of the femtosecond filamentation drastically changes in the case of anisotropic propagation geometry of the beam. In [7] , we observed, for the first time, the phenomenon of longitudinally periodic filamentation of the fs laser radiation propagating in positive ( 0 < ; crystalline quartz) and negative ( 0 > ; sapphire) birefringent crystalline media ( Fig. 1 ). We also showed that the observed longitudinal periodicity of a filament is caused by the periodic change in the polarization of a pulse traveling in the birefringent medium in combination with the cross-sectional difference in the multiphoton absorptions for linear and circular polarizations.
Earlier, we focused on more practical aspects of the interaction of the fs laser pulses with transpar-ent materials. Using a femtosecond laser inscription, we produced microwaveguides in chalcogenide glasses [11] . In [12] , we demonstrated a new maskless process of production of diffraction-limited microlenses and micromirrors in a chalcohalide glass composed of 65% GeS 2 , 25% Ga 2 S 3 , and 10% CsCl using a single fs laser pulse. Thus, programming the scanning sequence of the laser beam, arbitrarily complex geometry of the lens array can be produced. Figure 2 shows some characterization results of the obtained microlenses.
Spatio-Temporal Transformation of fs Laser Pulses at 1550 nm in c-Si
Next, we go to the latest original results on the phenomena accompanying the propagation of IR femtosecond laser pulses in crystal silicon (c-Si), which is the important material of electronics and photonics. Like in other photonic materials, a precise micromodification of optical properties of c-Si can be achieved with the use of fs laser pulses. Given that photonic devices for light guiding, splitting, and modulation are very much needed in integrated Si photonics, a fs laser with longer wavelength corresponding to the c-Si transparency region should be used for its bulk modification.
In the next experiments, we used a selfmade erbium-ytterbium fiber laser as an excitation source. The laser consists of an oscillator and two amplifiers. It produces pulses with central wavelength 0 = 1.55 m, 0.4-0.45-ps time width, and repetition rate up to 1 MHz. The average output power is 1.3 W. Using a new experimental technique of timeresolved pump-probe microscopy, we have shown that the tightly focused 1550-nm femtosecond radiation can permanently modify the refractive index of c-Si, thus creating a built-in microwaveguide capable of guiding and transporting light in the IR range [13] . Apart from this, a nonlinear spatial-temporal transformation of the fs laser pulses at 1.5 m was observed in c-Si, which results both in the filamentation and a change of the frequency spectrum of pulses. First, we recorded an appreciable spectral widening of the output high-energy laser pulses in comparison with low-energy laser ones at 1.5 m wavelength with the repetition rate = 250 kHz, and the temporal width = 450 fs, which have been focused into a 0.5-mm-thick c-Si plate with an aspherical lens of the 35-mm focal distance. The measured spectra of the output laser pulses at two different input pulse energies are shown on the logarithmic scale in Fig. 3 , a (single pulse energy = 8 nJ) and Fig. 3 , b, (single pulse energy = 1.3 J). Considering that the self-focusing critical power crit [14] of laser pulses at the 1.5-m wavelength with the temporal width = 450 fs in c-Si corresponds to the pulse energy = 12 nJ [15] , we conclude that the propagation regime in Fig. 3 , a is linear with < crit , while, in Fig. 3, b , it is highly nonlinear with ∼ ∼ 100 crit . Several peculiar features of the spectra in Fig. 3 should be noted. The first is a significant reshaping of the output spectrum in a nonlinear mode, which is more pronounced at the low-intensity band wings, while the spectral widening around the central frequency is weaker. So, the band width increases two-fold from 25 to 50 nm at the level 10 −3 . This can be attributed to the nonlinear character of the self-phase modulation (SPM). Indeed, the almost instantaneous nonlinear change of the refractive index by the Kerr mechanism (∼1-fs response time), which causes the spatial self-focusing of the light pulse, also changes its phase , thus generating new frequencies [14] . If the refractive index depends on the light intensity , then, in the case of a flat wave,
and new frequencies appear:
So, the intensity change generates new frequencies. If 2 > 0, the rising edge of the pulse with 0 causes the red shift, while blue-shifted frequencies are generated at the pulse rear-end. The symmetric (e.g., Gaussian) temporal shape of a pulse results in symmetric blue and red frequency shifts. Apart from the Kerr mechanism, the appearance of a plasma generated by the two-photon absorption also causes the SPM, because it changes the refractive index. If the plasma density is significantly below the critical value cr , then it decreases the refractive index:
In such a case, the plasma-induced shift Δ of the pulse central frequency 0 is
thereby shifting the pulse frequency to the blue side [16] . So, due to a nonlinear character of the SPM, the frequency changes not uniformly over the whole area of the pulse cross-section, but predominantly in the paraxial volume of the pulse, which contains only a part of the total pulse energy. In simplified terms, the total spectrum of the output pulse is formed by a sum of the spectrally shifted contribution of the axial part and the almost unchanged contribution of the peripheral part of the pulse. As a result, the widening of the total spectrum becomes more pronounced at its wings. In distinct from the Kerr-caused shift, the plasma-caused SPM shifts the spectrum only to the blue side. Thus, the asymmetry of the output spectrum in Fig. 3, b , clearly indicates the participation of the laser-induced plasma in SPM. In comparison with the linear spectrum in Fig. 3 , a, the shift at the level of 10 −3 is 17.5 nm to the blue side and only 7.5 nm to the red one in the spectrum in Fig. 3, b . Assuming the symmetric blue and red Kerr shifts of 7.5 nm, we conclude that the plasma-caused SPM gives an additional 10 nm of the blue wavelength shift in the present experiment, thus exceeding the Kerr contribution.
The observed SPM-caused spectral widening clearly suggests the presence of nonlinear temporal dynamics in the propagating pulse. However, no temporal dynamics of laser pulses at 1.5 m wavelength with = 100 fs ( ∼ 24 crit ), focused by a = 100 mm lens into a 8 mm-thick c-Si plate was recorded in [15] . We believe that the observed spectral broadening does not contradict the conclusion about the absence of a temporal dynamics in [15] . First, in [15] , the pulse power is 4 times lower. Second, we believe that, apart from the looser focusing and a smaller power excess over crit , the main cause for the discrepancy is that we looked for different manifestations of the temporal dynamics. In [15] , the authors looked for a change in the temporal width of the output pulse using the autocorrelation measurements. Here, we measured the small changes in the spectral width of the output pulse. Thus, in our experiment, the temporal dynamics does manifest itself in the frequency domain, but not in the temporal reshaping of the pulse envelope. To confirm the presence of a plasma trail, which follows the fs laser pulse propagating in s-Si, we performed the following experiment. We used an erbium-ytterbium fiber laser described above as an excitation source. Using a new experimental technique of time-resolved pump-probe microscopy, we have obtained the instantaneous shadowgraphs of fs laser pulses with the repetition rate = 250 kHz and the single pulse energy = 1.14 J, propagating in a c-Si plate. The laser beam was focused by an aspherical lens with 35-mm focal distance onto a c-Si plate in parallel with its plane through its 0.5-mm-thick side face. The shadowgraphs of the pump pulse ( Fig. 4 , ac) were obtained in the transmission geometry at different time delays of a probe pulse, which was split-off from the same laser beam, viewing the propagation area with a microscope provided with an IR In-Ga-As camera. The shadowgraph in Fig. 4, d is taken at = 100 ps for the steady-state plasma channel, after the pump pulse have already passed the viewing area.
To the best of our knowledge, in this work we have used, for the first time, time-resolved transmission microscopy to observe the propagation of IR light pulses at the 1550-nm wavelength in silicon. Thus, the stages of spatial transformation and the complex shape of a TPA-induced plasma column have been revealed. The dark spot in Fig. 4 , a-c shifting to the right, when is increasing, is, in fact, the laser pulse itself, which is visualized due to the TPA involving one pump and one probe photons. Note that the calculated propagation velocity of the observed TPA spot equals to that of the light velocity in c-Si, and its width along the propagation axis is consistent with the laser pulse duration = 450 fs with regard for the refractive index of c-Si = 3.5 at the 1.5-m wavelength. This is because of the fact that the response time of the TPA process is extremely short. A nonresonant electronic transition, as follows from the uncertainty principle, occurs on a time scale of | − /ℎ| −1 , which is less than 10 fs for the frequencies well below the band gap [17] . Using the above-mentioned pulse parameters and assuming the diffraction-limited diameter of the laser focal spot = 24 m, we estimated the transient absorption induced by the pump pulse through the TPA process. The coefficient of TPA is taken as TPA = = 4 × 10 −6 m/W [18] . According to the estimation, the presence of the above laser pulse induces the linear absorption value ind = TPA = 4.5 × × 10 −2 m −1 in c-Si, which agrees well with the measured absorption profile ( Fig. 4, e) .
The trail, which follows the propagating laser pulse in Fig. 4, c-d , is formed by a laser-induced plasma generated in the TPA processes involving two pump photons. As can be seen from formula (3), the plasma gives a negative change in the refractive index, which acts as a concave cylindrical lens. This enables the observation of the plasma column using the light microscopy. In Fig. 4 , a-c, the object plane of the microscopic objective is shifted by 200 m beneath the actual plasma column, so the virtual focus of the concave plasma lens is seen as a light axial line surrounded with darker areas. The image of the plasma column almost disappears, when it lies exactly in the object plane, indicating a much lower plasma absorption in comparison with TPA. Increasing , we have observed that the image of the plasma column keeps unchanged for several ns (Fig. 3, d) , in agreement with the free carrier lifetime of more than 10 ns in c-Si, but completely disappears, if the pump light is turned off.
To retrieve the profile of a plasma-caused change in the refractive index Δ from the defocused microscopic image in Fig. 4, d, we have used the same procedure, as described in [13] , having applied the transport-of-intensity equation and the inverse Abel transformation to the intensity profile of the plasma column at the position indicated by the white arrow. As can be seen from the retrieved profile of Δ in Fig. 4 , f, the resulting plasma-caused decrease in the refractive index reaches ∼0.014 on the axis. Further, to calculate the plasma density from Eq. (3), we should know the critical plasma density cr . It could be found from the formula for the plasma frequency = (4 2 / ) 1/2 , assuming that = 0 . Note that the effective mass in the formula for the plasma frequency in c-Si depends on . According to [19] , in the case of low density plasma, = 0.12 , while the heavy excitation ( ∼ 10 21 cm −1 ) changes the density of states, resulting in the increased = 0.5 [20] . Assuming = 0.12 and using the retrieved value Δ = 0.014, we get from formula (3) that the plasma density = 5.7 × 10 18 cm −3 , while = 0.5 results in = 2.4 × 10 19 cm −3 . Now, we compare this value with that calculated from the pulse parameters and the TPA coefficient. Indeed, assuming TPA = 4 × 10 −6 m/W, pulse energy = 1.14 J (for = 450 fs), and the diameter of the laser focal spot = 24 m and taking into account that the energy of a photon pair needed to generate the e-h pair in TPA −ℎ = 2.56 × 10 −19 J, we estimate the number of free electrons per 1 cm 3 created by one laser pulse, as = / −ℎ = 1.3 × 10 20 cm −3 , which exceeds the above-mentioned value = 2.4 × 10 19 cm −3 estimated from the microscopic image by more than half the order of magnitude. In our opinion, the difference can arise from the fact that TPA attenuates and plasma defocuses the pump pulse even before it reaches the focal spot. As a result, the value calculated for a not attenuated pulse occurs overestimated [21] .
The tighter beam focusing with a lens of 9-mm focal distance causes irreversible changes in the refractive index of the material at the focus. In this way, we created permanent waveguides deeply built-in in the bulk of c-Si, which are promising for the use in integrated silicon photonics [13] .
In summary, we have recorded, for the first time, a spatio-temporal transformation of 450-fs-long femtosecond laser pulses with the pulse power up to 1.3 J at the 1550-nm wavelength in c-Si using timeresolved defocusing microscopy. The propagating fs laser pulse leaves the column of a long-living TPA-induced plasma on its trail, which reduces the refractive index by the value of Δ = 0.014. The generation of new frequencies in the propagating pulse is recorded, which manifests itself as a widening of the pulse spectrum due to SPM. A stronger frequency shift to the blue side is attributed to the SPM by a laser-induced plasma.
